The U.S. Department of Transportation's (USDOT's) Federal Transit Administration (FTA) supports the research, development, and demonstration of low-and zeroemission technology for transit buses. FTA funds research projects with a goal of facilitating commercialization of advanced technologies for transit buses that will increase efficiency and improve transit operations. FTA is collaborating with the U.S. Department of Energy (DOE) and DOE's National Renewable Energy Laboratory (NREL) to conduct in-service evaluations of advanced technology buses developed under its programs. NREL uses a standard evaluation protocol for evaluating the advanced technologies deployed under the FTA programs.
FTA seeks to provide results from new technologies being adopted by transit agencies. The eight evaluations selected to date include battery electric buses (BEBs) and fuel cell electric buses (FCEBs) from different manufacturers operating in fleets located in both cold and hot climates. The purpose of this report is to present the results from an evaluation of one FCEB operated by the Orange County Transportation Authority (OCTA) in Santa Ana, California. NREL's evaluation of the OCTA FCEB was funded by FTA.
OCTA is responsible for planning, financing, and coordinating Orange County's freeway, street, and rail development, as well as managing countywide bus and paratransit service, rail service, and the 91 Express Lanes. OCTA is investigating zero-emission bus (ZEB) technologies to address future requirements under the California Air Resources Board transit regulations. The agency considers FCEBs a good option for its service. To gain experience with the technology, OCTA agreed to demonstrate an FCEB, a 40-foot ElDorado National-California (ENC) bus with a BAE Systems hybrid electric propulsion system powered by Ballard's FCvelocity-HD6 150-kW fuel cell. NREL is collecting data on a fleet of 10 New Flyer compressed natural gas (CNG) buses as baseline comparison. Table ES -1 provides a summary of the results for the FCEB and CNG buses. OCTA has operated the FCEB on several routes similar in duty cycle to the CNG bus routes. The average speed for the FCEB is 13.6 mph compared to the CNG buses at 14.8 mph. The fuel economy for both the FCEB and CNG bus fleet was consistent throughout the data period. At an average of 7.3 miles per diesel gas equivalent (mpdge), the FCEB has a fuel economy that is 1.9 times higher than the CNG fleet fuel economy of 3.9 mpdge.
OCTA reports that the average availability of its CNG bus fleet is 86%; during the data period, the FCEB had an availability of 70%. In June and July 2017, the bus developed an issue with the fuel cell system and was sent back to the original equipment manufacturer for diagnosis and repair. Since returning to service, the bus has averaged 80% availability and the fuel cell system has averaged 99% availability.
During the data period, the maintenance cost for the FCEB was 41% higher than that of the CNG buses. The metric of cost per mile is highly sensitive to the number of buses in a fleet; if 1 bus out of a 10-bus fleet has a major issue, it has less of an effect than if the issue occurred with a smaller fleet, as the cost for that repair is spread out over the accumulated miles of the larger fleet. Because OCTA has only one FCEB, an issue that takes the bus out of service results in lower miles accumulated and, therefore, a higher per-mile cost.
Issues and lessons learned for OCTA include the following:
• Fuel supply -Access to inexpensive hydrogen fuel remains a significant challenge for transit agencies deploying FCEBs. This has especially been a challenge for OCTA. In the early stage of the demonstration, OCTA partnered with the University of California, Irvine (UCI) to use its hydrogen station located about five miles from the OCTA facility. The cost for hydrogen at that station averaged around $13/kg. When the agreement between UCI and OCTA ended in May 2018, UCI elected to discontinue servicing the OCTA bus. OCTA has had to search for other solutions to fuel the bus. Although there are other retail stations in the area, current retail prices are very high -$17/kg; the average fuel costs for other transit agencies with their own hydrogen stations are closer to $7/kg. In addition to the higher fuel cost, OCTA incurs labor costs to fuel and drive the bus to and from the station, which has added significant costs to the project. The agency is moving forward with a new project to procure 10 more buses and build its own fueling station, which will eliminate the need to fuel outside the facility. Agencies considering FCEBs need to plan ahead to avoid this type of early deployment issue.
• Fuel cell issues -Early in the demonstration, OCTA experienced issues with the fuel cell cooling system. While the bus was in service, the operator would see a warning light on the dash and would request a replacement bus. Because the issue was intermittent, maintenance could not always duplicate
Introduction
The U.S. Department of Transportation's (USDOT's) Federal Transit Administration (FTA) supports the research, development, and demonstration of low-and zero-emission technology for transit buses. FTA funds a number of research projects with a goal of facilitating commercialization of advanced technologies for transit buses that will increase efficiency and improve transit operations. These programs include the following:
• National Fuel Cell Bus Program (NFCBP) -a $180 million, multiyear, cost-share research program for developing and demonstrating commercially-viable fuel cell technology for transit buses.
• Transit Investments for Greenhouse Gas and Energy Reduction (TIGGER) -$225 million for capital investments that would reduce greenhouse gas emissions and/or lower the energy use of public transportation systems.
• Low or No Emission Vehicle Deployment Program (Low-No)
-$271.35 million in funding (FY13-FY18) to transit agencies for capital purchases of zero-emission and low-emission transit buses that have been largely proven in testing and demonstration efforts but are not yet widely deployed.
FTA understands the need to share early experience of advanced technologies with the transit industry. FTA is funding evaluations of a selection of these projects to provide comprehensive, unbiased performance results from advanced technology bus development, operations, and implementation. These evaluations have proved useful for a variety of groups, including transit operators considering the technology for future procurements, manufacturers needing to understand the status of the technology for transit applications, and government agencies making policy decisions or determining future research needs. The evaluations include economic, performance, and safety factors. Data are collected on the operation, maintenance, and performance of each advanced technology fleet and a comparable baseline fleet operating at the same site (if available).
FTA is collaborating with the U.S. Department of Energy (DOE) and DOE's National Renewable Energy Laboratory (NREL) to conduct in-service evaluations of advanced technology buses. For more than a decade, NREL has been evaluating advanced technology transit buses using a standard data collection and analysis protocol originally developed for DOE heavy-duty vehicle evaluations. Funding for these evaluations has come from several agencies, including FTA, DOE, and the California Air Resources Board. NREL has evaluated fuel cell electric buses (FCEBs) and battery electric buses (BEBs) following this standard protocol.
NREL uses a set of criteria to prioritize the available projects for selection, including number of buses deployed, record-keeping practices of the transit agency, commitment level of the bus original equipment manufacturer (OEM), and the availability of appropriate baseline buses for comparison. The criteria are not intended to be rigid; however, the determination of priority is based on how many criteria are met. In consultation with FTA, NREL has selected several projects that are in the highest priority category. Other projects will be chosen as more information becomes available. Table 1 -1 lists the projects selected for evaluation as of the publication date of this report. OCTA is investigating ZEB technologies to address future requirements under the California Air Resources Board transit regulations. The agency considers FCEBs a good option for its service. To gain experience with the technology, OCTA agreed to demonstrate an FCEB developed under the FTA's NFCBP but originally planned for another agency. When that agency had problems developing the needed hydrogen infrastructure, the project lead, the Center for Transportation and the Environment, began looking for another agency for the demonstration. Although OCTA did not have a hydrogen station, it is in proximity to the station at the University of California, Irvine (UCI). The university was in the process of upgrading the station for its own FCEB, which made it possible for OCTA to use the station. 
Bus Technology Descriptions
OCTA's FCEB is a 40-foot ElDorado National-California (ENC) bus with a BAE Systems hybrid electric propulsion system powered by Ballard's FCvelocity-HD6 150-kW fuel cell. NREL is collecting data on a fleet of 10 New Flyer CNG buses as baseline comparison. Table 2 -1 provides selected specifications for each bus type. Figure 2 -2 is a photo of the FCEB, and a baseline bus is pictured in Figure  2 -3. 
Maintenance Facilities and Fueling
OCTA deployed the FCEB at its Santa Ana facility, which is configured to operate and maintain CNG buses. To allow maintenance of a hydrogen-fueled bus, the agency needed to make minor modifications to the facility. The modifications were made to two maintenance bays and included adding hydrogen sensors and a visual and audible alarm system to notify employees and first responders in case of an accident or emergency. The existing ventilation system met the requirements for hydrogen fuel; therefore, no upgrades were necessary. The cost for design and construction was around $80,000.
OCTA does not have its own hydrogen fueling station at the facility. The agency was fortunate to have a station close by at UCI, approximately five miles from the Santa Ana facility. The station was built primarily for fueling light-duty fuel cell electric vehicles and has a high utilization rate. UCI upgraded this station to provide fuel for a FCEB operated by the University's transit service. A typical bus fill can take 30 kg hydrogen, which requires time for the station to recover. Because of this, bus fueling had been limited to a small window of time when auto customers were not likely to fuel. As use of the station has increased, the primary function of filling light-duty fuel cell electric vehicles has limited the station's ability to handle bus fueling. The cost for hydrogen at that station averaged around $13/kg. Fueling the bus each night requires two service staff, which adds about 1.5-3 hours labor per trip to the project costs. The agreement with UCI ended in May 2018, resulting in the need for OCTA to find another source for fuel.
As OCTA prepares for the upcoming delivery of 10 new FCEBs, the agency is building its own hydrogen station and upgrading the entire facility to handle maintenance and operation of FCEBs. The project includes upgrades to the maintenance building, bus wash, paint booth, and other buildings of the facility.
The project was planned in stages such that the highest priority additionsthe fueling island and hydrogen station-would be completed in time for the estimated delivery of the new FCEBs in late 2018. Construction for the entire upgrade was expected to be complete by the end of the first quarter of 2019.
In-Service Operations Evaluation Results
This section focuses on a full year of operation, June 2017-May 2018 (the evaluation period). OCTA put the fuel cell bus into service in March 2016, and the CNG buses were placed into service at about the same time.
Route Assignments
OCTA does not randomly dispatch its buses as many other agencies do. Instead, operators select a specific bus and route at each of three sign-ups per year. Because of this, each bus stays on a specific route for a third of a year until the next sign-up period. The system average speed is approximately 14 mph. The FCEB has been operated on routes 150, 47, and 57 since being placed into service. Based on the hours and mileage data, the FCEB averaged 13.6 mph during the data period, which includes idle time during fueling. The CNG baseline buses have been operated on several routes out of the Santa Ana facility. OCTA reports that the scheduled on-route service speed for the CNG baseline buses is 14.8 mph, and the FCEB on-route service speed has been closer to 17 mph.
Bus Use
Figure 2-4 tracks the accumulated mileage and operating hours of the fuel cell bus for the data period. Over that year, OCTA accumulated almost 20,000 miles and more than 1,500 hours on the fuel cell bus. Table 2 -2 provides the data period mileage for each bus and the average monthly mileage by bus type, which is also displayed in Figure 2 -5. The fuel cell bus averaged 1,748 miles per month. This is lower than the baseline CNG bus fleet average of 3,556 monthly miles per bus. Although this is the mileage accumulation as the bus is operated by OCTA, the agency reports that the FCEB range is about half that of the CNG buses in its service. 
Availability
The availability analysis covers 12 months of data collection and evaluation. Planned service for OCTA is seven days a week for both the FCEB and CNG bus fleet. The data presented are based on availability at morning pull-out and do not necessarily reflect all-day operation. The overall average availability for the FCEB was 74%. OCTA did not provide data that would allow NREL to calculate availability for the individual CNG buses selected as baselines; however, the agency reports that the average availability of its CNG bus fleet as a whole is 86%. Figure 2 -6 tracks the monthly average availability for the FCEB as line series along the top of the chart. The stacked columns in Figure 2 -6 show the number of days that the FCEB was unavailable, organized into five categories. In June and July 2017, the bus developed an issue with the fuel cell system and was sent back to the OEM for diagnosis and repair. Troubleshooting the problem took some time, but it was eventually traced to a failure of the fuel cell main control panel. While the bus was at the ENC factory, the OEM upgraded the low voltage battery control system to help preserve the state of charge during long periods of the bus being turned off. Because this was a customer requested upgrade and not due to a system failure, the bus was considered not planned for service during that time.
Since returning to service, the bus has averaged 80% availability and the fuel cell system has averaged 99% availability.
Figure 2-7 shows the overall percentage of days the FCEB was available for service, the percentage of days the bus was out of service, and the reasons for unavailability during the data period. This chart represents the availability data period of July 2017-May 2018. Table 2 -3 corresponds to Figure 2 -6 and provides a breakdown of the number of days and availability percentages for each category.
Figure 2-7
Overall Availability for FCEB during Evaluation Period Fuel Economy and Cost Table 2 -4 lists the per-bus mileage, fuel use, and fuel economy along with the fleet averages. Figure 2 -8 shows the monthly average fuel economy in mpdge for the FCEB and CNG bus fleet. Also plotted in Figure 2 -8 is the average daily high temperature recorded at Santa Ana John Wayne Airport in Orange County. 3 The fuel economy for both the FCEB and CNG bus fleet is consistent throughout the data period. At an average of 7.3 mpdge, the FCEB has a fuel economy that is 1.9 times higher than the CNG fuel economy of 3.9 mpdge. The fuel costs per mile for the evaluation period were $2.01/mi for the FCEB and $0.30/mi for the CNG buses. During the data period, OCTA's average cost of hydrogen was $12.99/kg. The CNG fuel cost at $1.04/gge is much lower than the typical average cost per gallon for diesel fuel.
Roadcall Analysis
Table 2-5 provides the MBRC for the FCEB and CNG buses categorized by bus roadcalls, propulsion-related roadcalls, and fuel-cell-system-related roadcalls.
The data set includes all data from the demonstration clean point of June 2016. Figure 2 -9 plots the cumulative MBRC for the FCEB and CNG buses, with total bus roadcalls on the upper chart and propulsion-related roadcalls and fuel-cellsystem-related roadcalls on the lower chart. Propulsion-related roadcalls are a subset of bus roadcalls for all bus fleets. Fuel cell system-related roadcalls are a subset of the propulsion-related roadcalls, specific to the fuel cell of the FCEB. The DOE/FTA targets of 4,000 overall MBRC and 20,000 fuel-cell-systemrelated MBRC are included in the graph as red dashed lines. The bus MBRC for the FCEB is showing a slow but steady climb since the beginning of the demonstration with an overall bus MBRC of 2,338 at the end of the data period. The metric of MBRC is sensitive to the fleet size, where one roadcall for a small (in this case, one-bus) fleet has a significant effect on the results. The fuel-cell-system-related MBRC has shown a steady increase over time, surpassing the ultimate target of 20,000 around October 2017.
Maintenance Analysis
This section first covers total maintenance costs and then maintenance costs by bus system. NREL excludes warranty repairs from the calculations. The FCEB was under warranty support by the OEMs during the data period. The CNG buses were out of the warranty period for most systems. Any work covered under warranty was removed from the data set.
Total Work Order Maintenance Costs
Table 2-6 shows maintenance costs per mile for the FCEB and CNG buses and includes total cost, scheduled cost, and unscheduled cost. Scheduled costs include PM based on OEM recommendations; all other maintenance is included in unscheduled costs. Like MBRC, the metric of cost per mile is highly sensitive to the number of buses in a fleet. If 1 bus out of a 10-bus fleet has a major issue, it has less of an effect than an issue with a bus in a smaller fleet; the cost for that repair is spread out over the accumulated miles of the larger fleet. Because OCTA has only one FCEB, an issue that takes the bus out of service results in lower miles accumulated and, therefore, a higher per-mile cost. During the data period, the maintenance cost for the FCEB was 41% higher than that of the CNG buses. The monthly scheduled and unscheduled maintenance cost per mile for the buses are shown as stacked columns in Figure 2 -10. The high scheduled costs for the FCEB in August 2017, November 2017, and March 2018 were attributed to labor hours for PMs that ranged from 11 to 24 hours. OCTA reports that some of this labor was for minor repairs identified during the PM that were not split out from the scheduled service time; the data received by NREL were not detailed enough to separate the scheduled from the unscheduled labor. BAE Systems reports that a typical PM for the FCEB should take 2-6 hours to complete. Some of the higher hours could also be due to the maintenance staff learning for the new technology. The monthly scheduled labor cost for the CNG fleet is consistent over the data period. Unscheduled costs for the CNG buses included issues with brakes, fareboxes, and air compressors. The systems with the highest percentage of maintenance costs for the FCEB were 1) cab, body, and accessories; 2) propulsion-related; and 3) PMI. The systems with the highest percentage of maintenance costs for the CNG buses were 1) propulsion-related; 2) PMI; and 3) cab, body, and accessories. Figure 2-11 shows the monthly cost per mile by system for the FCEB, and Figure 2 -12 shows the monthly cost per mile by system for the CNG fleet. 
Propulsion-Related Work Order Maintenance Costs
Propulsion-related vehicle systems include the exhaust, fuel, engine, battery modules, electric propulsion, air intake, cooling, non-lighting electrical, transmission, and hydraulic systems. These vehicle subsystems have been separated to highlight how maintenance costs for the propulsion system are affected by the change from conventional technology (CNG) to advanced technology (FCEB). Table 2 -8 shows the propulsion-related system maintenance costs by category for the two fleets during the data period. Parts for scheduled maintenance, such as filters and fluids, are included in the specific system categories. For example, oil and oil filters are included in the power plant (engine) subsystem parts costs, while air filters are included in the air intake subsystem parts costs.
• Total propulsion-related -The total propulsion-related maintenance cost for the FCEB was 37% higher than that of the CNG buses.
• Exhaust system -Costs for the FCEB and CNG buses were low or zero.
• Fuel system -Costs for this system for the CNG buses made up 38% of the total propulsions system costs. Costs for this system were zero for the FCEB.
• Power plant and electric propulsion -For the FCEB, the costs for the electric propulsion system and fuel cell power plant were low because these systems were primarily covered under warranty. Power plant repairs made up 31% of the total propulsion system costs for the CNG buses; there are no electric propulsion costs for the CNG buses.
• Non-lighting electrical (charging, cranking, and ignition) -Costs for this system made up 55% of the propulsion system costs for the FCEB and 23% of the total propulsion costs for the CNG buses.
• Air intake -Costs for this system were low or zero for the FCEB and CNG buses.
• Cooling -Costs for this system for the CNG buses were low. For the FCEB, cooling system repairs made up 36% of the propulsion system costs.
• Transmission -Costs for this system were low for the CNG buses. The FCEB does not have a transmission.
• Hydraulic -Costs for this system were zero for the FCEB and CNG buses. 
Total Project Cost
During the demonstration project, OCTA incurred additional costs that fell outside the typical maintenance costs reported above. For most agencies, buses are fueled overnight by hostlers that also empty the farebox and clean the bus to prepare it for service the next day. Because OCTA does not have its own hydrogen fueling station, maintenance staff have had to drive the bus to the nearby station, fuel, and return the bus to the facility each night. This process can take several hours for two staff. These extra labor hours show up in the data as separate work orders. Once OCTA completes construction of its on-site hydrogen station, these costs will no longer occur. Because these are considered non-recurring costs, NREL has removed them from the maintenance cost analysis. To show the total cost per mile for the project, Table 2 -9 provides all the project costs including fuel, maintenance, and fueling labor. OCTA recorded more than 323 labor hours for staff to fuel the FCEB during the data period. Any transit agency interested in FCEBs should use caution when using these numbers because the experience at OCTA is not representative of that of other FCEB fleets. The high cost of hydrogen at retail stations (as high as $17/kg) and added labor costs will not be the case as the agency adds its new FCEBs later this year.
Other agencies operating FCEBs have reported hydrogen costs around $7.50/kg. Using that cost to calculate the operating cost for OCTA brings down the overall cost to $1.16/mi. The future cost of fuel from OCTA's on-site hydrogen station has yet to be determined; however, it is expected to be below the retail cost that OCTA currently pays at a nearby station. 
Summary of Achievements and Challenges
As with all new technology development, lessons learned during this project could aid other agencies considering FCEB technology. OCTA reports that it has had a positive experience with the technology once the early issues were resolved. The team reports a number of successes that include the following:
• Implemented the agency's first FCEB
• Accumulated more than 36,000 miles on the FCEB since it was first placed in service • Introduced FCEB technology to maintenance and operations staff
• Initiated an order of 10 FCEBs and a hydrogen fueling station with funding from a California Air Resources Board Air Quality Improvement Program award OCTA is committed to an environmentally-friendly fleet and has entered into a contract with New Flyer for 10 FCEBs. The project will field 20 FCEBs total-10 buses for OCTA and 10 that will be operated by AC Transit in Oakland, California.
Summary of Challenges
Advanced-technology demonstrations typically experience challenges and issues that need to be resolved. Issues and lessons learned for OCTA include the following:
• Fuel supply -Access to inexpensive hydrogen fuel remains a significant challenge for transit agencies deploying FCEBs. This has especially been a challenge for OCTA, which began operating its FCEB before making the decision to build a station. In the early stage of the demonstration, OCTA partnered with UCI to use its hydrogen station. The UCI station is about five miles from the OCTA facility and has been upgraded to handle service to the university's FCEB. The cost for hydrogen at that station averaged around $13/kg. When the agreement between UCI and OCTA ended in May 2018, UCI decided to stop servicing the OCTA bus. The station was built primarily for fueling light-duty fuel cell electric vehicles and has a high utilization rate. A typical bus fill can take 30 kg, which requires time for the station to recover. Because of this, bus fueling had been limited to a small window of time when auto customers were not likely to fuel. As use of the station has increased, the primary function of filling light-duty fuel cell electric vehicles has limited the station's ability to handle bus fueling. OCTA has had to search for other solutions to fuel the bus. Although there are other retail stations in the area, current retail prices are very high, $17/kg; the average fuel costs for the other agencies with their own stations are closer to $7/kg. In addition to the higher fuel cost, OCTA incurs labor costs to fuel and drive the bus to and from the station. This has added significant costs to the project. The agency is moving forward with a new project to procure 10 more buses and build its own fueling station, which will eliminate the need to fuel outside the facility. Agencies considering FCEBs need to plan ahead to avoid this type of early deployment issue.
• Fuel cell issues -Early in the demonstration, OCTA experienced issues with the fuel cell cooling system. While the bus was in service, the operator would see a warning light on the dash and would request a replacement bus. Because the issue was intermittent, maintenance could not always duplicate the problem to determine the root cause. The situation occurred often during the first months of the demonstration. Troubleshooting the issue took time and effort from all the project partners. The cause was eventually traced to an intermittent digital communication failure between a system controller and pump controller in the fuel cell stack cooling loop. The team corrected the issue by modifying the method by which the system controller commands the pump controller. BAE Systems also made this correction to the FCEBs in service at other transit agencies.
• Bus range -OCTA reports that it has experienced some range issues with the FCEB. Some of the problems have been traced to not getting a full fill at the hydrogen station. The agency typically assigns the bus to blocks of work that are under 225 miles to avoid any issues with the bus having to be replaced on route for low fuel.
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Evaluation Protocol
In 2012, DOE and FTA established performance and cost targets for FCEBs. 5 Interim targets were set for 2016 along with ultimate targets that FCEBs would need to meet to compete with current commercial-technology buses. DOE and FTA have not established performance targets specific to BEBs, but the performance targets established for FCEBs were based on typical conventional buses and the targets could be considered appropriate for any advanced technology. Table A -1 shows a selection of these technical targets for FCEBs. For each selected fleet, NREL collects all fueling/charging, cost, and maintenance data for a period of 12 to 18 months to provide a full year of operation data for the analysis. For each site, NREL collects data on conventional technology baseline buses for comparison. For most fleets, the baseline buses are diesel buses. For fleets that do not operate diesel buses, the baseline buses are usually CNG buses. Other technologies, such as diesel hybrid buses, will be included in the evaluation if they are available. The best comparisons are made between buses of the same make, model, production year, size, and route deployment. In that case, the only difference is the propulsion system. This is not always possible. NREL works with the transit agency to determine which vehicles the agency has in operation and selects the best possible baseline match for each evaluation based on what is available. The following sections outline the analysis approach for each parameter.
Bus System Descriptions
This category of data includes general descriptions of the buses and systems. NREL provides a form that the agency fills out for both the ZEBs and baseline vehicles. The form asks for specifications of the vehicle propulsion system and subsystems as well as accessory equipment. This information documents that the baseline vehicles are similar in equipment to the advanced technology buses. NREL collects these data at the beginning of the project; however, changes may be required if major systems are altered.
Operations Duty-Cycle Description
NREL collects duty-cycle descriptions from the transit agency to understand how the ZEBs are used compared to the baseline buses. Data collected include descriptions of the expected routes, operating hours during a typical work day, number of days per week that the vehicle is operated, the amount of fuel and range (in miles) that are expected during a given work day and between fueling/ charging, and other information on how the vehicles are used. Transit agencies typically provide these data in text format. NREL uses the data to determine an average operating speed. Occasionally, bus OEMs provide detailed Global Positioning System (GPS) data from the on-board data collection systems. In those cases, NREL will develop specific route maps showing the planned use of the ZEBs.
Bus Use and Availability
Bus use and availability are indicators of reliability. Lower bus usage may indicate downtime for maintenance or purposeful reduction of planned work for the buses. NREL expresses bus use as average miles accumulated per month. NREL uses a general target of 3,000 miles per month for this metric; however, the monthly miles for each agency will vary depending on the planned use of the buses. If a ZEB fleet does not meet this target, it does not indicate a specific limitation for the technology. NREL collects the mileage data for the ZEBs and baseline buses and calculates average monthly miles accumulated per bus.
Availability is the number of days the buses are actually available compared to the days that the buses are planned for operation, expressed as percent availability. The analysis calculates availability for morning pull-out and doesn't necessarily reflect all-day availability. Transit agencies typically have a target of 85% availability for their fleets to allow time to handle scheduled and unscheduled maintenance. The sources for availability data vary from fleet to fleet. NREL works with each agency to determine the best source for the data. In addition to tracking the overall availability, NREL collects the reasons for unavailability. Categories for unavailability include issues related to general bus systems, preventive maintenance, electric drive, battery system, and fuel cell system. These data help indicate whether the issues are due to the advanced technology components or are problems with conventional bus systems.
Energy/Fuel Consumption
Data needed for this category include records of each fueling or charging event. For liquid-and gas-fueled buses, NREL collects individual fueling records (amount of fuel, odometer reading, hour reading, date, and fueling time) and fuel prices (each fuel, each time the fuel price changes -price and date). For the BEBs, NREL collects daily energy use (total kWh, number of charges, miles traveled) and utility bills for each charging location (in depot or on-route fast charger). NREL analyzes these data to calculate monthly fuel economy and fuel/energy cost per mile. For the BEBs, NREL uses the bus energy use and utility energy data to calculate the charging losses.
To compare the electrical energy used by the BEBs to the diesel fuel energy used by the baseline hybrid and diesel buses, the electrical energy is converted to diesel gallon equivalent (dge). The energy content of each fuel 6 is used to create the conversion factor shown below: 
Maintenance Cost
Maintenance data include each repair action, such as preventive (scheduled) maintenance, unscheduled maintenance, and roadcalls, as well as date of repair, labor hours, number of days out of service, odometer reading, parts replaced, parts cost, and descriptions of problem reported and actual repair performed. NREL also collects data and cost for any fluid addition (oil, transmission fluid, deionized water). Engine oil changes are included as part of preventive maintenance. The maintenance data are used to estimate operating costs (along with fuel and engine oil consumption costs). Because accident-related repairs are extremely variable from bus to bus, NREL eliminates those costs from the analysis for both ZEB and baseline bus fleets.
NREL also eliminates warranty cost data from the operating cost calculation because those costs are covered in the purchase price of the buses. Labor costs may be included in this analysis depending on the mechanic who performed the work (operator or manufacturer) and whether those hours were reimbursed under the warranty agreement. For consistency, NREL uses a labor cost of $50/ hour. Cost per mile is calculated as follows:
Cost per mile = [(labor hours * $50/hr) + parts cost] / mileage NREL calculates total cost per mile as well as scheduled and unscheduled cost per mile. To understand the differences between conventional and ZEB technology, NREL presents the cost per mile by vehicle system. The work orders are coded using vehicle maintenance reporting standards (VMRS) developed by the American Trucking Association to aid the industry in tracking equipment and maintenance using a common standard. The propulsion-related systems were chosen to include only those systems of the vehicles that could be affected directly by the selection of a fuel or advanced technology. NREL bases the VMRS coding on parts that were replaced. If there was no part replaced in a given repair, then NREL selects the code by the system being worked on. System categories include the following:
• Cab, body, and accessories -includes body, glass, cab and sheet metal, seats and doors, and accessory repairs such as hubodometers and radios 
Roadcalls
All roadcalls are marked in the maintenance data collected. A roadcall, or revenue vehicle system failure, is defined as a failure of an in-service bus that causes the bus to be replaced on route or causes a significant delay in schedule. If the problem with the bus can be repaired during a layover and the schedule is kept, this is not considered a roadcall. The analysis described here includes only roadcalls that were caused by "chargeable" failures. Chargeable roadcalls include systems that can physically disable the bus from operating on route, such as interlocks (doors, air system), engine, or things that are deemed to be safety issues if operation of the bus continues. They do not include roadcalls for issues with components such as radios, fareboxes, or destination signs.
The transit industry measures reliability as mean distance between failures, also documented as miles between roadcalls (MBRC). MBRC is calculated by dividing the number of miles traveled by the number of roadcalls. NREL uses the roadcall data to calculate cumulative MBRC over time. MBRC results in the report are categorized as follows:
• Bus MBRC -includes all chargeable roadcalls. This category includes propulsion-related issues as well as problems with bus-related systems such as brakes, suspension, steering, windows, doors, and tires.
• Propulsion-related MBRC -includes roadcalls that are attributed to the propulsion system and is a subset of the bus MBRC. Propulsion-related roadcalls can be caused by issues with the engine, transmission, batteries, fuel cell system, or electric drive.
• Energy storage system (ESS)-related MBRC -includes roadcalls attributed to the ESS only (specific to BEBs).
• Fuel cell system-related MBRC -includes roadcalls attributed to the fuel cell and balance of plant only (specific to FCEBs).
Transit agencies are required to report costs and specific performance data to FTA through the National Transit Database (NTD). After Congress required data reporting in 1974, FTA developed the NTD as a repository of financial, operating, and asset condition data for American transit agencies. These data are published on the NTD website. 7 The vehicle maintenance reliability metrics used by the NTD are as follows:
• Major mechanical system failure -a failure of some mechanical element of the revenue vehicle that prevents the vehicle from completing a scheduled revenue trip or from starting the next scheduled revenue trip because actual movement is limited or because of safety concerns.
• Other mechanical system failure -a failure of some other mechanical element of the revenue vehicle that, because of local agency policy, prevents the revenue vehicle from completing a scheduled revenue trip or from starting the next scheduled revenue trip even though the vehicle is physically able to continue in revenue service. Examples include a malfunction in the farebox or the air conditioner.
Total revenue system failures would be a sum of the two categories. The NTD categories do not exactly match the roadcall definitions used in the standard NREL protocol. The primary difference is that NTD's other mechanical system failures category includes failures of items such as fareboxes and destination signs. This results in the NTD total failures being higher than that of the NREL analysis. Removing these failures from the NTD data would result in higher overall industry average MBRC. In addition, the NTD major mechanical system failure category includes some roadcalls that are not for the propulsion system. The NTD has no category for power plant failures; therefore, there is no direct comparison for fuel cell system-related or ESS-related MBRC.
Infrastructure and Facility Modification Descriptions
At the beginning of the data collection period, NREL collects details on the fleet's operations including a description of facilities and services, maintenance and fueling practices, and any other information needed to get a complete understanding of the fleet's experience with the ZEBs. Descriptions of facilities include fueling, charging, maintenance, and vehicle storage facilities that may be associated with the ZEBs.
